In this paper, cationic polyacrylamide microspheres (CPAM) were synthesized using acrylamide (AM) and methacryloyloxyethyl trimethyl ammonium chloride (TMAEMC) as monomers, ammonium sulfate as dispersant, poly(acryloyloxyethyl trimethyl ammonium chloride) (PAETAC) as dispersion stabilizer, and ammonium persulfate as initiator. The synthetic method was dispersion polymerization. The effects of monomer ratio (AM/TMAEMC), dispersant concentration, and dispersion stabilizer dosage on dispersion polymerization were systematically studied to determine the optimal preparation conditions. The structure and viscosity of the synthesized polymer were characterized by FTIR and capillary viscometry, respectively, and the particle sizes and distribution of the polymer tests were conducted to measure the permeability reduction performance of the microspheres at various concentrations in sand packs with different permeability. Results show that CPAM emulsion of a solids
Introduction
During a secondary or enhanced oil recovery process, a substantial amount of oil may be bypassed by the injected Wang, 2003; Fletcher et al, 1992; Liu et al, 2006) . In order to enhance oil recovery, the widely used method is injecting water cutoff materials to control formation permeability and then to divert the follow-up injected fluid into the unswept zones, without damaging oil productivity (Hou et al, 2011; Lu et al, 2012; Shi et al, 2010; Dong et al, 2010) . So it is necessary to synthesize a new water cutoff material to reduce water cut of produced fluids and improve oil-producing efficiency in formations (Fielding et al, 1994; Ning et al, 2007; Lin et al, 2008; 2009; Lu et al, 2010; Feng et al, 2010; Wang and Li, 2011; Qiao et al, 2012) .
Polymer microspheres are newly developed water cutoff material. After hydration, swollen polymer microspheres
Experimental

Experimental materials
N,N'-from the China National Medicines Corporation Ltd.; methacryloyloxyethyl trimethyl ammonium chloride were purchased from the Penglai Spark Chemical Co., Ltd. AM and TMAEMC were used as monomers, AS and sodium bicarbonate as dispersants, and MEDAM as a crosslinker.
Preparation of cationic polyacrylamide microspheres 2.2.1 Synthesis of a cationic dispersion stabilizer, poly(acryloyloxyethyl trimethyl ammonium chloride) (PAETAC)
Two grams of AETAC was dissolved in 50 mL deionized was kept flowing through the flask for 45 min and then the temperature for 1-2 h under stirring. Afterwards the reaction time was extended for about 3 h at this temperature. Nitrogen final product, poly(acryloyloxyethyl trimethyl ammonium chloride) (PAETAC), was a viscous, brown liquid. The reaction equation of the cationic stabilizer is described as follows:
Synthesis of cationic polyacrylamide microspheres (CPAM)
Monomers of AM and TMAEMC were weighed and put into a three-necked flask. Then ammonium sulfate, sodium bicarbonate, synthesized PAETAC solution, and deionized dropwise. When the reaction was over, the reaction mixture was cooled to room temperature for discharging. The crude Acetone was added to the crude product slowly, and the CPAM precipiated at the bottom gradually. After filtration, the CPAM was dissolved in deionized water again, and then precipitated by acetone; this process was repeated three times. main reaction is described as follows.
IR characterization
The copolymer after purification was dried to constant weight and pressed with KBr to disc form, and then a Fourier transform infrared spectrometer (NEXUS, Nicolet Co., USA) was used to characterize the cationic acrylamide polymer structure.
Determination of viscosity of the copolymer
The apparent viscosity of the crude product was determined with a NDJ-1 rotary viscometer. The dried CPAM was dissolved in deionized water to prepare a CPAM the viscosity of this emulsion is the intrinsic viscosity of cationic polyacrylamide.
Morphology of CPAM before and after hydrolysis
The purified CPAM was dissolved in deionized water and NaOH solution was used to adjust the pH to 9. Then the CPAM in water before and after hydrolysis was observed Yongxin Co.).
Particle size of CPAM
CPAM dispersions before and after hydrolysis were prepared as above, and 1 mL dispersions were put in a dynamic light scattering analyzer which was pre-heated for 30 min, and the microsphere sizes of CPAM in water were measured.
Performance of CPAM emulsion for permeability reduction
The porous media used was compacted packs of quartz sand (100-200 mesh). The sand packs were 52 cm long and 2.6 Pet.Sci.(2014)11:408-416 cm in diameter.
CPAM emulsions were prepared by dissolving CPAM in deionized water, and the salinity of the emulsions was adjusted with NaCl, KCl, MgCl 2 , and CaCl 2 .
The performance of CPAM emulsion for permeability reduction was investigated with the equipment shown schematically in Fig. 1 and the experimental procedures are described as follows:
1) The sand pack was dried, evacuated and saturated with water at a rate of 1 mL/min in order to determine its pore volume (PV), porosity and permeability. During water injection the pressure was recorded every 2 min.
2) 0.3 PV CPAM emulsion was injected into the sand pack at a rate of 1 mL/min and the pressure was monitored.
3) The sand pack was taken out of the core holder and 4) After 24 h, the sand pack was removed from the oven and cooled to room temperature.
5) The sand pack was installed at the core holder and then water was injected at a rate of 1 mL/min until the injection pressure was stabilized. During water injection the temperature and pressure were recorded every 2 min. Finally the permeability and permeability reduction of the sand pack after treatment were calculated.
Results and discussion
Dispersion polymerization of CPAM
CPAM was synthesized in laboratory and the effects of monomer molar ratio, stabilizer concentration, and APS concentration on polymerization reaction were investigated.
Dispersion stabilizer concentration
The effect of stabilizer (PAETAC) concentration on aqueous dispersion polymerization was investigated under the following reaction conditions: total monomer concentration Table 1 shows the effect of PAETAC concentrations.
With an increase in the PAETAC concentration, the intrinsic viscosity of the cationic polyacrylamide emulsion decreased, while the apparent viscosity of the crude product increased when the PAETAC concentration was 0.5-0.6 g/g-monomer; when the PAETAC concentration was lower than 0.4 g/ g-monomer, the crude product was uneven and unstable; when the PAETAC concentration was more than 0.5 g/ g-monomer, the obtained CPAM were substantially spherical, and most of these particles were within the range of tens of nanometers, with an even distribution. If the PAETAC concentration continued to increase, the particle sizes of the obtained CPAM were reduced accordingly, therefore, the optimal PAETAC concentration adopted in the experiment was 0.5 g/g-monomer. 
AM/TMAEMC molar ratio
The effect of the AM to TMAEMC molar ratio was investigated under the following conditions: total monomer experimental results are listed in Table 2 . Table 2 indicates that when the AM/TMAEMC molar ratio was in a range from 9:1 to 6:4, the intrinsic viscosity of CPAM emulsion decreased with a decrease in the AM/ TMAEMC molar ratio. With a high concentration of TMAEMC, collisions among monomers decreased due to electrostatic repulsion, so the growth of molecular chains was restricted, and thus the intrinsic viscosity of the CPAM emulsion reduced as well as the apparent viscosity. Therefore, an AM/TMAEMC molar ratio of 8:2 was selected to synthesize cationic polyacrylamide.
AS concentration
AS concentration during polymerization reaction was investigated, and the results are shown in Table 3 . Table 3 indicates that the AS concentration had a significant effect on the intrinsic viscosity of the CPAM emulsion. As the AS concentration increased, the intrinsic viscosity first increased and then decreased. The reason is as follows: When the AS concentration is relatively low, the salting-out effect is weak and the reaction mainly takes place in the continuous phase. Therefore, the relative molecular weight of the copolymer is low. With an increase in the AS concentration, the polymerization may occur in the polymer phase, gradually transferred from the continuous water phase, in which the gel effect may exist during the transformation. Therefore, the growth time of free radicals in the polymer phase may be long, so the molecular weight of the copolymer increases as well. However, if the AS concentration is higher again, but not the polymer phase, which results in a reduction of the molecular weight of cationic polyacrylamide. The solution will help to obtain polymer products with uniform particle size and good stability.
Therefore, the optimal synthesis conditions are as follows:
Characterization of CPAM
Infrared spectrum analysis
It can be seen from the IR spectrum of CPAM (Fig. 2 ) that the absorption peak at 3,476 cm -1 and 3,180 cm -1 are peaks bonds of amide, respectively. The absorption at 1,680 cm -1 is the symmetric stretching vibration of C==O in amide, and absorption peak at 1,740 cm -1 is due to the C==O stretching vibration for acyloxy. The absorption peak at 1,402 cm -1 is attributed to bending vibration of methylene in a cationic monomer -CH 2 -N + (CH 3 ) 3 , and the sharp absorption peak at 1,109 cm -1 is characteristic of the C-O vibration in ester groups.
was used to observe the changes of CPAM in water before and after hydrolysis, as shown in Fig. 3 . Fig. 3(a) shows the morphology of the CPAM just dissolved in water observed with the inverted fluorescence Pet.Sci.(2014)11:408-416 microscope, where the polymer particles are very small and Fig. 3(b) shows the morphology of CPAM after swelling in water at pH=9 for 24 h. Many micrometer-sized spherical particles were observed. Therefore, the synthetic polymer microspheres exhibit significant swelling behavior caused by hydrolysis under alkaline conditions and the particle size may swell from nanometers to microns which meets the requirements for reducing the reservoir permeability. Fig. 4 shows the particle size distribution of CPAM synthesized under the optimal conditions. As can be seen from the figure, the particle sizes were mainly distributed from 7 nm to 100 nm, with an average diameter of 31 nm. Fig. 5 (a) shows the particle diameter distribution by intensity of CPAM synthesized under the optimum conditions, dissolved, dispersed and swollen in water at pH=9. As can be the range of 160-1,020 nm, with an average particle size of 348 nm. Fig. 5(b) is the corresponding particle distribution by number, where the proportion of particle numbers reached the CPAM hydrolysis and swelling did occur at pH=9, leading to a tenfold increase in diameter. The observed results agree with the theoretical analysis. Fig. 6 (a) shows the particle diameter distribution by intensity of CPAM swollen in water at pH=11. The CPAM used were synthesized under optimal conditions. It can be in 150-1,200 nm, with an average particle size of 346 nm. Fig. 6 (b) is the corresponding particle distribution by number. Within the range of 130 to 1,000 nm, the number of CPAM It can be calculated from Figs. 5 and 6 that CPAM expanded 11.3 and 11.2 times of the initial size at pH=9 and pH=11 conditions, respectively.
Dynamic light scattering analysis
To sum up, the CPAM synthesized under optimized conditions were found to be ten nanometers to several tens of nanometers in diameter before hydrolysis; when they hydrolyzed and swollen in water for 24 h under alkaline conditions, their particles were of 300-400 nm, and there is CPAM swelling in pH=9 and pH=11 solutions.
Permeability reduction performance of CPAM
Effect of CPAM concentration
CPAM synthesized under optimum conditions were selected to formulate emulsions with a solid content of mD. Fig. 7 shows curves of injection pressure versus with time (injected volume) before and after CPAM injection. Fig. 7(a) shows that after 0.3 PV CPAM emulsion of injection pressure gradually increased to a peak value of 2.0 MPa and then decreased to a plateau level of 1.8 MPa when water was continuously injected. This means that after water breakthrough, which occurred at 170 min, some polyacrylamide microspheres were forced to move forward with water, and deposited and plugged other pores and pore throats in the sand pack. In the end, the injection pressure stabilized at about 1.8 MPa. Fig. 7(b) shows that for the sand pressure gradually increased to a peak value of 8.0 MPa and then decreased to a plateau level of 5.0 MPa when water was continuously injected. Fig. 7(c) and Fig. 7(d) indicate that when the solids contents in the emulsions were respectively with time were similar in the follow-up flow tests. At the beginning, the injection pressure increased slowly, but after 1 PV water was injected, the injection pressure increased sharply. After injecting about 2 PV water, the injection pressure gradually stabilized at about 12 MPa. This is because the polyacrylamide microspheres continued to swell due to hydrolysis, and the swollen microspheres may adsorb and deposit in the pores and pore swollen polyacrylamide microspheres had a certain ability to block the flow channels for a long time without being displaced by flooding fluids. Injection of CPAM emulsion of higher solids content into the sand pack means that more polyacrylamide microspheres absorbed and deposit in the pores and pore throats. For formations with similar permeability, more microspheres lead to higher injection pressure. Table 4 lists the permeability reduction performance of CPAM emulsions with different solids contents. As can be seen from the table, when the solids contents were permeability reduction of all the sand packs were more recommended. 
Effect of formation permeability
the sand packs with different permeability. Before and after curves of injection pressure with time are shown in Fig. 7 . Fig. 7(a) shows that for low permeability formations treated with 0.3 PV CPAM emulsion, the injection pressure increased sharply before 62 min (1 PV water), and then slowed down. After 140 min, the pressure stabilized.
The CPAM may effectively reduce the permeability of low permeablility formations. For medium permeability formations, the injection pressure increased slowly at the beginning, while grew fast after 2 PV water injection, and still presented a growing trend after 3 PV water was injected. Moreover, the injection pressure of entire process was not very high, less than 1.0 MPa. For high permeability formations, the maximum injection pressure was only 0.017 MPa, which was a little higher than the injection pressure of the sand pack before being treated with CPAM emulsion. Therefore, the CPAM emulsion could not effectively reduce the permeability of high permeability formations. Table 5 lists the permeability of sand packs before and after injection of CPAM emulsion. Table 5 shows that the CPAM emulsion while for high permeability sand packs of over 1,000 mD, the CPAM emulsion performed poorly, reducing the sand pack formations, but not in high permeability formations. 
Conclusions
Cationic polyacrylamide microspheres (CPAM) were synthesized using the dispersion polymerization method and were systematically characterized. Flow tests were conducted on sand packs before and after treatment with CPAM emulsions to investigate the performance of CPAM to control formation permeability. The following conclusions are drawn.
1) The optimized conditions for CPAM polymerization are as follows: the dosage of stabilizer (PAETAC) at about 0.5 g/g-monomer, AM to DMC molar ratio at 8:2, ammonium Under these conditions, a uniform polymer emulsion with higher viscosity and good stability was obtained.
2) Cationic polyacrylamide can be hydrolyzed under basic conditions of pH=9, and its particle sizes increase by more than ten times during hydrolysis. The swollen polyacrylamide microspheres are neat and regular. may effectively reduce the permeability of low-to-medium achieved. While for high permeability formations exceeding
